Polymer-assisted in-situ thermal reduction of silver precursors: a
solventless route for silver nanoparticles-polymer composites

Dambarudhar Parida,® Pietro Simonetti,> Ruggero Frison,® Ezgi Biilbiil,> Stefanie Altenried,*
Yadira Arroyo,d Zoltan Balogh-Michels,> Walter Caseri,* Qun Ren,® Rudolf Hufenus,**
Sabyasachi Gaan®*

aAdvanced Fibers, Empa Swiss Federal Laboratories for Materials Science and Technology, St Gallen, CH-
9014, Switzerland.

"Center for X-Ray Analytics, Empa, Swiss Federal Laboratories for Materials Science and Technology,
Dubendorf, CH-8600, Switzerland.

‘Biointerfaces, Empa Swiss Federal Laboratories for Materials Science and Technology, St Gallen, CH-
9014, Switzerland.

dAdvanced Materials and Surfaces, Empa, Swiss Federal Laboratories for Materials Science and
Technology, Dubendorf, CH-8600, Switzerland.

*Department of Materials, ETH Ziirich, Ziirich, CH-8093, Switzerland.

*Corresponding authors.
sabyasachi.gaan@empa.ch

rudolf.hufenus@empa.ch

This document is the accepted manuscript version of the following article:

Parida, D., Simonetti, P., Frison, R., Bllbul, E., Altenried, S., Arroyo, Y., .. Gaan,
S. (2019). pPolymer-assisted in-situ thermal reduction of silver precursors: a
solventless route for silver nanoparticles-polymer composites. Chemical Engineering
Journal, 123983. https://doi.org/10.1016/j.cej.2019.123983

This manuscript version is made available under the CC-BY-NC-ND 4.0
Ticense http://creativecommons.org/licenses/by-nc-nd/4.0/

1



Abstract

A simple one-step solventless in-situ reduction method was developed to prepare silver nanoparticle
(AgNP) based polymer composites using different silver precursors and thermoplastic polymers. This
method utilizes the mild reducing environment of thermoplastic polymer melts to convert silver precursors
to AgNPs during the extrusion process. Complete reduction of Ag,O with broad AgNP size distribution
(20418 nm) in polyamide 6 (PA6) was obtained after 5 min processing. For same matrix, the uniformity of
AgNPs improved significantly after 10 min processing time, associated with a slight increase in the particle
diameter (26£9 nm). No significant impact of in-situ AgNP synthesis method on chemical and
macromolecular characteristics of polyamide 6 was detected. When this method was used to synthesize
AgNPs in polylactic acid and polypropylene, the influence of surface energy of polymer melt was evident.
Reduction of Ag,0 in polylactic acid (at 165 °C) was slower compared to PA6 and 95 + 3 % Ag,0 reduction
was achieved after10 min of processing. When polypropylene was used as the matrix, only 60% reduction
of Ag,0 was achieved, possibly due to poor wetting of the silver precursor, owing to the low surface energy
of polypropylene. AgNP-PA6 composites were also successfully prepared using Ag,COs and Ag-palmitate
as precursors. To demonstrate the potential application of such composites in food packaging, the silver
release and antibacterial activity of AgNP-PA 6 composite were also studied. Though the composites
released 500 times less silver compared to the permitted limits of different safety standards, they exhibited
an excellent antibacterial activity against a typical food pathogen (Listeria monocytogenes) already at a low

level of AgNP loading i.e. 0.5 wt.%.
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1. Introduction

Silver nanoparticles (AgNPs) based polymer composites have received unprecedented attention,
because of their unmatched physicochemical and biological properties [1-5] and these composites
are commercially exploited in the consumer industry.[4, 6-8] In the wake of food preservation and
health safety, AgNPs have found wide acceptability in protective polymer composite based
packaging for food[9] and medical devices.[10] AgNPs used in these composites are prepared by
chemical or biological routes in the presence of stabilizers and large quantities of solvents to prevent
aggregation.[11-16] Solvent casting or melt blending of thermoplastic polymers with AgNPs
remains dominant techniques to prepare these composites.[17-21] Presence of residual reducing
agents, solvents and stabilizers in the composite increases the risk of contaminant migration to food
well beyond the permitted limit of 10 mg/dm? as per European regulation for plastic packaging (EU
No. 10/2011). Moreover, tendency of unstabilized AgNPs to aggregate during melt mixing results
in decrease in their efficacy.[22, 23] Both in solvent casting and melt mixing process,
nanocomposites are prepared in multiple solvents and via energy consuming steps. At the time
when manufacturing processes are scrutinized under the benchmark of environmental impact, such
techniques of composite preparation are not considered sustainable. To meet requirements of
sustainable processes and health safety standards, several in-situ AgNP synthesis methods are
reported to eliminate the use of reducing agents and stabilizers.[24-33]

Due to their auto-oxidative ability polymers such as polyvinyl alcohol and poly(cardanyl acrylate)
were used as matrix as well as reducing agent for in-situ preparation of AgNP composites.[26, 27,
34] Natural polymer such as modified chitosan has also been used as a matrix for in-situ reduction
of silver precursors without reducing agents.[31-33] Despite their simplistic approach, these
methods are known for their long processing time and very low silver content in the composite. The
release of H, during processing (imidization) of polyimides offers an alternative route for

preparation of nanocomposites with higher silver loading in a relatively short processing time.[29,



35-37] In order to decrease the processing time further and increase the silver loading,
photochemical reduction methods have also been explored and AgNP-polymer composites were
prepared successfully within few minutes.[38-40] Despite such advantages, photochemical
methods are only suitable for preparation of thin AgNP-polymer composites (few microns).
Although all these in-situ techniques avoid several intermediate steps and achieve uniform
distribution of AgNPs, complete elimination of solvent during in-situ AgNP-composite preparation
is still a challenge and suffers from high energy consumption.

In this context, in-situ synthesis of silver nanoparticles during melt processing of thermoplastics
seems to be a viable solvent free alternative. AgNP-polymer composites via melt processing using
silver precursors like silver acetate having lower decomposition temperature (~200 °C)[41] than
melting point of polymers has been demonstrated.[23, 42, 43] It is worth mentioning here that,
acidic products released during decomposition of silver acetate not only pose a serious health risk
but also can change the polymer melt characteristics, accelerate its decomposition and corrosion of
processing machinery can't be avoided. Moreover, risk of accumulating decomposition by-products
in the composites increases with the increased silver precursor loading. These factors limit the
concentration of silver acetate loading (~2%) during the melt processing with the polymer. On the
other hand, precursors like Ag,0O release only O, during decomposition and have a higher active
silver content (~94%) compared to other inorganic silver compounds. However, thermal
decomposition temperature of Ag,0 is similar to or higher than decomposition temperature of many
thermoplastic polymers. Understanding the thermal reduction mechanism of Ag,0 is the key to
design of industrially relevant novel manufacturing routes for clean AgNP-polymer composite
production.

It is well established that, thermal reduction of silver precursor like Ag,O (300400 °C) takes place
in two distinct steps of induction and autocatalytic reduction also known as the acceleratory
period.[44-46] Plausible explanation of induction period is the formation of volatiles (O,) and low
volatiles (silver vapor) followed by the condensation of silver vapor (Ag®) to form two-dimensional
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interface.[45, 46] The acceleratory period is the result of partial transfer of energy released at the
interface during the induction phase to silver precursors. The measured activation energy (£,) for
such thermal reduction is ~120 kJ mol-'. Interestingly, when H, was used during the thermal
reduction of Ag,0, a significant decrease in the £, (~60 kJ mol-') was achieved which also decreased
the reduction temperature to 140-150 °C.[47, 48] Similar decrease in E, and decomposition
temperature was also observed during the reduction of silver acetate.[41]

Herein, a single-step solvent-less process for AgNP-polymer composite preparation is reported
which combines the basic understanding of the thermal reduction mechanism of Ag precursors with
the mild reducing environment of molten polymers.[49-52] This concept was proven for the
combination of various thermoplastic matrices such as polyamide-6 (PA6), polypropylene (PP) and
polylactic acid (PLA) with silver precursors like Ag,O, Ag,CO; (Agcar) and silver palmitate
(Agpar). These polymers were selected based on their surface free energy at the melting point,
which influences the silver precursor-polymer compatibility and eventually the nanoparticle
formation. Apart from being an environmental friendly process, this method enables clean work
environment, safe handling and prevents unnecessary exposure to nanoscale Ag. Furthermore, the
silver release behavior of the prepared nanocomposites was also studied and the prepared
nanocomposites possess desired antibacterial property against food pathogens such as Listeria

monocytogenes even at a very low silver content (0.5 wt.%).

2. Experimental

2.1. Materials

Polyamide-6 (PA6, Grilon A26® by Ems-Chemie); polypropylene (PP, PPH 10099®, Total
Petrochemicals) and polylactic acid (PLA, Innofil3D PLA®, Innofil3D) were used after overnight
vacuum drying at 100 °C. Silver (I) oxide (Ag,0, 99.0%) and Silver carbonate (Ag,COs;, 99.0%)

were purchased from ABCR GmbH and Sigma-Aldrich respectively. Silver palmitate



(Ci6H310,Ag) was synthesized from Ag,O and palmitic acid in toluene. Detailed synthesis and
characterization of silver palmitate (Agpar) are described in Sec. S1 of the supplementary

information (SI). All Silver precursors were dried overnight under vacuum at 100 °C.

Table 1. Processing conditions and silver precursors used for preparation of AgNP-polymer composites.

. Processing
Entries Polymer vaevctu‘;: ]0 g Temp. (°C)  Time (min.) S::;nnl::e
1 PA6 Ag0 [20] 240 5 5PAs0x
2 PA6 Ag0 [20] 240 10 10PA00x
3 PA6 Ag,0 [20] 240 30 30PAz0x
4 PA6 - 240 10 10PA
5 PA6 - 240 30 30PA
Other polymers
6 PP - 200 10 10PP
7 PP Ag0 [20] 200 10 10PP0x
8 PLA - 165 10 10PLA
9 PLA Ag>0 [20] 165 10 10PLA;y0x
Other Ag precursors
10 PA6 Ag0 [10] 240 10 10PA p0x
11 PA6 Ag,CO; [10] 240 10 10PAcar
12 PA6 C16H310,Ag [10] 240 10 10PApaL

2.2. Methods

AgNP-polymer composites were prepared by melt-kneading of polymers and silver precursors in a
laboratory internal mixer (Haake Rheomix 600 OS) equipped with a twin Banbury type rotors.
Compounding temperature was kept slightly higher than the melting temperature of the polymer to
achieve proper mixing without compromising the polymer quality. Initially, the polymer was
introduced into the mixing chamber (volume 69 cm?) through a top-mounted hopper and processed
with a speed of 30 rpm for 2 minutes prior to addition of silver precursor. After addition of the
silver precursor, the mixture was melt-kneaded for a specified duration. Then, the molten AgNP-
Polymer composite was removed from the Rheomixer and kept at room temperature for 4-5 h. A

portion of AgNP-polymer composite was converted to powder by cryo-milling for different



characterization. Processing conditions and nomenclature of AgNP-polymer composite samples

prepared in this work are summarized in Table 2.

2.3. Characterizations

Thermogravimetric analysis (TGA) was performed with a TGA 209 F1 Iris (Netzsch) instrument
under N, atmosphere and air (unless mentioned) with a heating rate of 10 °C min-!. Temperature
range of 25 °C to 800 °C was used for TGA analysis. To study the thermal reduction of Ag,O in
the presence of polymers, the required quantity of Ag,O and polymer powder was mixed prior to
the thermogravimetric analysis.

UV-visible spectra of AgNP-polymer composite solution in hexafluoro-2-propanol (1 mg/ml) was
recorded in a Cary 50 BIO UV-vis Spectrophotometer using quartz cuvette (1 cm). UV-vis spectra
of respective polymer solutions and Ag,O powder were also recorded in hexafluoro-2-propanol.
X-ray diffraction (XRD) patterns were recorded with a Panalytical XPert’Powder instrument,
operating at a voltage of 40 kV and a current of 40 mA with Cu/K, radiation having a wavelength
of 1.5406 A. XRD patterns were recorded over an angular range (20) of 5° to 80°. The sample
coherent domain size was estimated using the Scherrer equation.[53] The instrumental contribution
was estimated measuring the diffraction pattern of LaB¢ reference material and taken into account
within Topas software.[54]

Transmission electron microscopic (TEM) images were recorded in a TEM/STEM JEOL JEM
2200fs microscope operating at 200 kV equipped with an energy-dispersive X-ray spectrometer.
Samples were prepared by putting a drop of composite dispersion in ethanol (0.5 mg/ml) on a Lacey
Carbon film copper TEM grids. Prior to preparation of composite dispersion, the composites were
cryo-milled to get a fine powder. 200 particles at random location were analyzed by Image J to

determine the particle size and distribution.



Particle size of silver nano particles in AgNP-polymer composites was analyzed by dynamic light
scattering (DLS) at 25 °C using Malvern Zetasizer ZS90 equipment. Composites were dissolved in
hexafluoro-2-propanol by stirring for 4 hours at a concentration of 1.0 mg/ml and quartz cuvette
was used for DLS measurements.

Energy dispersive X-Ray spectroscopy (EDX) mapping experiments were conducted on a Hitachi
S-4800 Scanning Electron Microscope (SEM) operating at accelerating voltages of 20 kV. As
prepared composite samples were coated with Au/Pd (5 nm) prior to analysis.

FTIR spectra were recorded on a Bruker FT-IR in transmission mode using films of
nanocomposites prepared by solution casting and vacuum drying at 50 °C for 48 hours prior to
analysis.

Molecular weight and molecular weight distribution (PDI) of PA6 samples were determined by
gel permeation chromatography (GPC), using THF as the mobile phase (1ml/min.) at 30 °C. The
GPC column was calibrated with Broad-Standard-Calibration-Method using polyamide standards.
To make PA6 soluble in THF, trifluoroacetylation of PA6 (100 mg) was carried out with
trifluoroacetic acid anhydride (TFAA, 0.8 ml) in dichloromethane (3 ml) at room temperature for
16 hours. Modified PA6 was recovered after evaporating the solvent in rotary evaporator (40 °C)
and 0.5 wt.% of modified PA6 in THF was used for GPC analysis.

Silver release behavior of AgNP-polymer composites was determined using PA6 based composites
films having different silver content (0.05, 0.1 and 0.5%). These films were prepared by spin coating
on a circular glass slide (@ = 2.5 cm) to support the film. Prior to spin coating, required quantity of
AgNP-PA6 composite and virgin PA6 were dissolved in hexafluoro-2-propanol by stirring
overnight at room temperature to achieve 10 wt% of solid content and targeted silver content. Then,
0.5 ml of this solution was deposited on the slide and was rotated for 60 s at 1000 rpm to get a film.
Hexafluoro-2-propanol was removed by keeping the film at room temperature for 4 hours followed
by overnight vacuum drying at 80 °C. Composite film thickness was determined by SEM analysis
(see Sec. S7) and actual silver content of spin coated films was determined by inductively coupled
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plasma optical emission spectroscopy (ICP-OES) as summarized in table S3. For silver release
study, a media was prepared by mixing 50 ml of Fetal bovine serum (FBS, Sigma-Aldrich) in 500
ml of Dulbecco's modified Eagle's medium (DMEM, Sigma-Aldrich). Then, composite films of 2.5
cm diameter were dipped in 4 ml of the prepared medium in a PP lidded tubes maintained at 37 °C.
After the set time, the medium was collected and diluted with required quantity of HNOj; (2%) prior
to determination of Ag release by ICP-OES. 4 set of samples were prepared for each test duration.
Antibacterial assays. The typical food pathogen Listeria monocytogenes DSM 15675 was used for the
antibacterial activity studies. The polymer films prepared in this work were punched to a size of 6 mm
diameter and sterilized for 20 min under UV (254 nm, 100 uW/cm?, Kojair Tech Oy, 18541 UV-Valo,
Finland). For agar diffusion test, the exponential growing L. monocytogenes of about 107 colony forming
units (CFU/ml) were spread over Brain Hear Infusion (BHI, Sigma-Aldrich) plate to create a bacterial
lawn. The polymer samples were put on top of the agar plates, which were then incubated at 37 °C for 24
h for observation of inhibition zones around the samples.

For contact killing test the following method was used. Briefly, an exponential growing bacterial culture
was prepared in BHI at 37 °C and 160 rpm. The culture was then diluted with sterile phosphate-buffered
saline (PBS, Sigma-Aldrich) to ODggonn of 0.01 (corresponding to 10° CFU/mL). 50 pl of bacterial
suspension was loaded onto the samples with a diameter of 6 mm, incubated at 37 °C for 2 h. The suspension
was removed and the samples were washed twice with 225 pl PBS to remove the non-adhered bacteria. To
determine the adherent viable cells on the sample surfaces, 100 pul PBS was added to the washed samples,
followed by sonication for 5 min in an ice/water bath (Bransonic 52, Branson Ultrasonics SA, Carouge,
Switzerland) at a frequency of 40 kHz. Serial dilutions were plated on BHI agar plates. All plates were
incubated at 37 °C overnight to give an estimate of viable cell count as CFU/mL. Statistical analyses were

performed by utilizing unpaired and two-tailed Student’s t-test for comparison between two groups.



3. Results and discussion

Silver precursors such as Ag,0, Ag,CO; and Agpar were chosen as precursors to avoid the release
of any potentially toxic fumes during the reduction process. These selected precursors can only
release O,, CO or CO,,[55] which are much safer by-products than acids,[56, 57] formaldehyde and
NO,[58] released during thermal decomposition of other silver precursors. Widely used
thermoplastics such as PA6, PP and biodegradable polyester like PLA were selected as polymer
matrices. Initially, the thermal reduction of Ag,O was studied by thermogravimetric analysis (TGA)
in the presence and absence of polymers (Fig. 1 and S2). In the absence of polymer, Ag,O
decomposed to metallic silver (Ag®) at around 380 °C, observed as a sharp mass loss during
thermogravimetric analysis (Fig. S2).[46, 48] Interestingly, when Ag,O (10 wt.%) was heated in
presence of polymers, a sharp mass loss of about 1-2% was observed at a much lower temperature
(Fig. 1) compared to the decomposition temperature of Ag,O alone. Based on the theoretical silver
content in Ag,O (Fig. S2), 0.6% mass loss is expected at 10% Ag,O loading in a polymer to achieve
complete reduction. In the case of Ag,O-PA6 mixture, the onset of mass loss was observed after
170 °C and took nearly 7 minutes to reach a stable mass prior to degradation. As observed in the
TGA, amass loss of 2% in Ag,O-PA6 mixture instead of 0.7% can be attributed to combined release

of O, during the reduction of Ag,O and the moisture absorbed by PA6.
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Fig. 1. TGA curve showing (a) decomposition of PA6 in the absence (neat) and presence of 10
wt.% Ag,0O (PAox) under N,. The inset shows the enlarged view of the low-temperature region and
corresponding derivative thermogravimetry (DTG curve) in dotted lines, highlights the sharp mass
loss of ~2% (at 175 °C) prior to the actual decomposition of PA6. (b), (¢c) Enlarged view of the TGA
and DTG curve (dotted lines) showing the mass loss in the low-temperature region during
decomposition of PPox (PP + 10 wt.% Ag,0) and PLAox (PLA + 10 wt.% Ag,0). TGA curve of
pristine PP and PLA are shown for comparison. The onset of weight loss was observed at 165 °C
and 155 °C for PPox and PLAx respectively. Full-scale TGA spectra can be found in Sec S2 of SI.
(d) General scheme and sample nomenclature for AgNP composites prepared using Ag,O (20 wt.%)
and PA6 at 240 °C for different durations. The sample name 5PA,yox indicates that, PA6 and 20
wt.% Ag,O were melt-mixed (kneaded) for 5 min.
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Similar mass loss profile was observed when Ag,O-PP mixture was analyzed in TGA. PP being a
hydrophobic polymer, mass loss was in good agreement with the calculated value i.e. 0.7% (Fig.
1b). The onset of mass loss in Ag,O-PLA mixture started at a much lower temperature (155 °C).
Similar observations in all the polymers confirmed that, the presence of polymers substantially
decreased the thermal reduction temperature of Ag,O, which is in agreement with mass loss
observed during TGA of Ag,O-polymer mixtures. To the best of our knowledge, such polymer-
assisted reduction of Ag precursors well below their decomposition temperature has never been

reported in the literature.

3.1. Processing time for AgNP formation

Encouraged by the polymer-assisted low-temperature thermal reduction, melt-mixing (kneading)
experiments were designed with higher Ag,O loading (20 wt.%) using PA6 as a matrix, to
determine the processing conditions for complete in-situ reduction of Ag,O. Schematic
representation of the process with nomenclature of the prepared samples are shown in Fig. 1d.
Dynamics of mixing conditions during kneading can facilitate the reduction of Ag,O by creating
new polymer metal-interface and thus rendering the whole reduction process faster than a static
environment such as TGA. Therefore, a minimum processing time of 5 min was chosen during the
kneading experiments, which was subsequently increased to 10 min and 30 min (Fig. 1d).

UV-vis spectra of AgNP-polymer composites were recorded to assess the efficacy of solventless
in-situ reduction process (Fig. 2a). For comparison, virgin PA6 and Ag,O were also analyzed. A
diffused absorption band was observed in case of Ag,O powder due to presence of large particles.
Whereas, AgNP-polymer composites (SPAzp0x, 10PA,0x and 30PA40x) displayed strong UV-vis
absorption peak at ~414 nm, typical to Localized Surface Plasmon Resonance (LSPR) of nano-

silver.[59, 60] No obvious shift in peak position was observed between SPAyox, 10PAy0x (414
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nm) indicating the formation of AgNPs with similar size. On the other hand, a minor positive shift
in UV-vis absorption peak was observed in 30PA,¢ox (418 nm), which may arise due to formation
of larger AgNPs due to longer processing time (30 min).[60] AgNP-PA6 composites were further

analyzed via powder XRD to ascertain the degree of conversion of Ag,0 to Ag°.
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Fig. 2. (a) UV-vis absorption spectra of AgNP-PA6 composite (5PA,0x, 10PA340x, 30PA200x)
along with virgin PA6 and Ag,O powder. For UV-vis, hexafluoro-2-propanol was used as the
solvent. (b) XRD patterns of Ag,O and AgNP-PA6 composites obtained after 5 min (SPA0x), 10
min (10PA,y0x) and 30 min (30PA,0x) processing time respectively. The peak corresponding to
111 plane (20 = 38.3°) was used to estimate AgNP domain size (indicated in parentheses).

XRD patterns of AgNP composites (Fig. 2b) showed well-defined diffraction peaks at 20 of 38.3°,
44.4°, 64.6° and 77.5° assigned to (111), (200), (220), and (310) reflections of face-centered cubic
Ag® crystals respectively.[25, 37, 61] Absence of Ag,O diffraction peaks in all AgNP-PA6
composites confirmed the quick reduction of Ag,O (within 5 min) under dynamic mixing condition.
Domain size of AgNPs calculated from XRD patterns (Fig. 2b) was found to increase with the

processing time.
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Fig. 3. TEM and corresponding HRTEM image of (a) SPAjp0x, (b) 10PA,0x, (¢) 30PA0x
showing particle size and lattice plane distance in AgNPs along with particle size histogram
superimposed on the TEM image of the respective sample. (d) Comparison of particle size
determined by XRD and TEM analysis. (e) Intensity-average particle size of Ag,O, SPAox,
10PAy0x and 30PA,ox determined by DLS analysis.

A similar trend in AgNP size was also observed when composites were analyzed under TEM (Fig.
3a-c). TEM images of 5PA,gox indicate the formation of AgNPs with a very broad size distribution,
with a large population of NPs being of small size as evident from the histogram in Fig. 3a. On the

subsequent increase in processing time to 10 min and 30 min, an increase in average size was
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observed. Size uniformity was found to improve initially (10PA,y0x), followed by an increase in
non-uniformity (30PA,y0x) as shown in TEM image and corresponding size histogram (Fig. 3b and
c). Change in AgNP size and distribution with processing time (Fig. 3d) revealed that longer
processing time (10 min) facilitates the growth of AgNPs both by addition of Ag® atoms to Ag
crystals and by merger of small particles. This led to a controlled growth of nanoparticles and
narrowing of size distribution. Increasing the processing time further to 30 min, a broadening of
size distribution along with the increase in the size of the AgNPs was observed. It is thus believed
that with longer processing time; AgNPs grow predominantly via merging of particles,
demonstrating an uncontrolled growth pattern. Lattice plane distances determined from HRTEM
analysis of all composites (Fig. 3 a-c) was found to be around 2.2 A, which is in agreement with
the literature data for AgNPs.[15, 31] During HRTEM analysis, large population of NPs showed
multifaceted structure, supporting the argument of AgNP growth in polymer melt via merging of

smaller NPs.

DLS particle size of Ag,O powder and AgNPs composites was determined to monitor the evolution
of AgNP with processing time. AgNP-PA6 composites solution in hexafluoro-2-propanol was used
for DLS analysis (Fig. 3e). Interestingly, the multimodal distribution of particles observed in case
of Ag,0O powder transformed to a bimodal distribution just after 5 min melt-kneading (5PA;¢0x).
Increasing the processing time further (10PAy0x, 30PA40x) resulted in AgNPs with unimodal size
distribution. However, in all these composites the intensity-average particle size (Table S1)
remained higher than the particle size obtained from XRD and TEM analysis. Non-linear variation
in scattering intensity due to presence of a few larger particles or aggregates and polymer chains
around AgNPs can lead to overestimation of intensity-average nanoparticle size.[62, 63] On the
contrary, number-average size corresponding to isolated AgNPs was observed to be close to the
AgNP size obtained from XRD and TEM analysis (Table S1). Overall, an increased in DLS size

and distribution was also observed when processing time was increased to 30 min (Table S1). This

15



is in agreement with TEM and XRD analysis and confirms the uncontrolled growth of AgNPs
during longer processing time. AgNP distribution in the PA6 matrix was observed by EDX mapping
of AgNP-PA6 composites (Fig. S6-S8). In the case of SPA,¢ox, @ non-uniform particle distribution
in the PA6 matrix was observed along with the presence of large clusters (Fig. S6). Increasing the
kneading time to 10 and 30 min improved the AgNP distribution significantly and prevented the

cluster formation (Fig. S7 and S8).

3.2. Changes in macromolecular characteristics of PA6

FTIR analysis was carried out on the nanocomposites to determine the chemical changes in PA6
matrix after in-situ synthesis of AgNP (Fig. 4a). For comparison, virgin PA6 samples were
processed at the same temperature and duration (10 and 30 min) as that for AgNP-PA6 composites
(Table 1). The FTIR spectra of samples were normalized according to the characteristic band at
1465 cm™!'. The N-H deformation along with C—N stretching appears at 1540 cm-! and the band at
1650 cm™' represents the characteristic of C—O stretching vibrations of amide group. No significant

difference in FTIR spectra of different PA6 samples was observed.
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Fig. 4. (a) Normalized FTIR spectra of 10PA, 30PA, 10PA,y0x and 30PA,yox respectively. 10PA
and 30PA samples were processed without Ag,O for 10 min and 30 min respectively. (b) GPC
elution traces of virgin PA6, PA6 kneaded for 10 min (10PA) and 10PA,yox.
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Table 2. Macromolecular characteristics of virgin
and melt-kneaded PA6 determined by GPC.

Sample Mn (g/mol) Mw/Mn (PDI)

PA6 (virgin)  1.62x10* 1.93
10PA 1.60x10* 1.95
10PA0x 1.55%10* 2.0

To detect minor changes in PA6 matrix during in-situ reduction, intensity ratios of different peaks
were considered. Careful analysis showed that, intensity ratio between 3300 cm™! (N-H band) and
1465 cm! (I3300:114¢5) decreased with increase in the kneading time from 10 min to 30 min (Table
S2). However, presence of Ag,O during the processing of polyamide has no significant effect on
I3300: 11465 (Table S2). Such changes can be attributed to chain scission in PA6 due to long processing
time (30 min.), which was further confirmed by the reduced intensity of band corresponding to C—
O stretching of amide (1650 cm™'). A broadening of the band at 1650 cm! and absence of any
noticeable changes in the C=0 region (1730 cm™') indicates the formation of -CHO and —NH, chain
ends during to chain scission.[64, 65] Interestingly, —CH, wagging vibrations at 1378 cm!
coinciding with the band of -NO, found to increase in case of 10PA,yox and 30PA,¢ox as confirmed
by Ii375:114¢5 ratio (Fig. 4a and Table S2). This indicates the oxidation of —NH, chain ends to —
NO,.[51, 52] From FTIR analysis it is clear that no significant chemical changes or degradation of
PAG6 takes place during in-situ AgNP synthesis. GPC analysis also confirmed such observations as
a very minor increase in the low molecular weight fraction was observed in case of 10PA;0x
compared to virgin PA6 and 10PA (Fig. 4b and Table 2). TGA analysis of 10PA,yox showed similar
degradation profile as that of virgin PA6 with no detectable effect of AgNPs on PA6 matrix (Figure
S9). This also confirms that minimal chemical changes happen to the PA6 matrix during in-situ
AgNP synthesis.

A mild reducing environment of the polymer melt (presence of functional groups such as CH, and
NH,) contribute towards the partial reduction of Ag,0 to Ag®, which can be called as the induction
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period (Fig. 5b). Later, Ag® formed during induction phase starts to condense and polymer-assisted
thermal reduction of Ag,O enters the autocatalytic phase (Fig. 5¢).[45, 46] Reducing environment
created due to the release of H, during melt-kneading can lower the activation energy (£,) of the
thermal reduction of Ag,O significantly.[46-48] As a result, a complete reduction of Ag,O was
achieved within 5 minutes at a much lower temperature, without causing any significant damage to
the PA matrix. From TEM and FTIR analysis, it is clear that 10 min processing time is suitable for
AgNP-PA6 composite preparation without the risk of unnecessary polymer degradation. Hence, all

other AgNP-polymer composites were prepared with 10 min processing time.
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Fig. 5. Simplified schematic representation showing different phases of Ag,0 reduction in presence
of PA6. (a) PA6-Ag,0O mixture, (b) oxidation of PA6 chains at CH, (1) and NH, (2) without chain
scission [51, 52] along with partial reduction of Ag,O and condensation of Ag° (induction phase)
(c) autocatalytic reduction of remaining Ag,O. For simplicity, other possible oxidation and chain
scission which contribute to reduction of Ag,O are not shown here.
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3.3. AgNP composites using PLA and PP

The reduction of Ag,O in molten PA6 was further extended to solventless AgNP synthesis within
other polymer matrices, i.e. PLA and PP. Keeping all other processing conditions same, kneading
temperature was maintained at 200 °C and 165 °C for PP and PLA respectively. UV-vis analysis of
10PLAy0x showed the presence of a strong LSPR (Fig. 6a), indicating significant reduction of
Ag,0 to AgNPs even at a low temperature in the presence of PLA. In case of 10PLA,yox intensity-
average (54.6 nm) and number-average (27.3 nm) size determined by DLS were lower compared

to the particle size of AgNP-PA6 composites.
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Fig. 6. (a) UV-vis absorption spectra of Ag,O and 10PLA,ox, (b) Intensity-average DLS particle
size of 10PLAyox. For UV-vis and DLS analysis hexafluoro-2-propanol was used as the solvent.

Using the XRD pattern of 10PLAy0x and 10PLA samples shown in Fig. 7a, a Rietveld-base
quantitative phase analysis was attempted to determine the Ag,O reduction efficiency. In this case,
some ambiguity in clearly estimating the Ag® content of the composite was encountered due to
contribution from broad peak of underlying polymer matrix and a very low intensity of unreduced
Ag,0 peak. Based on this analysis, a conservative estimation of 95 = 3% mass fraction of Ag® in
the 10PLAy0x was made. This confirms that nearly complete reduction of Ag,O was achieved within
10 min in the presence of molten PLA (165 °C, 10PLA,y0x). AgNP size in 10PLAyox determined by XRD

analysis was found to be 28+2 nm, which is slightly higher than the average particle size obtained by TEM
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analysis (18+6 nm). Lattice plane distance of 2.2 A determined by HRTEM analysis of 10PLA0x is in
good agreement with metallic AgNPs (Fig. 7b).[15]

Analysis of FTIR spectra of PLA samples processed without Ag,O (10PLA) and in the presence of
Ag,0O (10PLA0x) confirmed no significant chemical difference between PLA matrices (Fig. 7c).
Bands at 1754 cm!, 1450 cm! can be attributed to —C=0 stretch of ester group and —CH; bending
vibrations respectively.[20, 66] Band at 1383 cm! is due to symmetric deformation of —CHj;. The
presence of a band corresponding to —OH (3510 cm!) was observed in both samples (Fig. S10),
suggesting chain scission of PLA during thermal processing with the formation of —-COOH chain
ends.[66] Though the intensity at 3510 cm™!' was same in both 10PLA and 10PLA ,yox, the intensity
of the peak corresponding to —C=0 (1754 cm') was lower and broader in case of 10PLAyox
compared to 1I0PLA. When the peak area ratio of the bands at 1754 cm™!' and 1450 cm! (A754/A1450)
in 10PLAyox and 10PLA were compared, no change in the ratio was observed. This suggests
similar amounts of PLA chain degradation in both samples and broadening of the band at 1754 cm-!
in 10PLAy0x can be explained by the interaction of —-C=0 AgNPs. Bands of amorphous and
crystalline phases of PLA were observed at 867 and 753 cm! respectively.[20] In FTIR spectra of
10PLA,0x no noticeable changes in these bands indicate any significant impact of in-situ AgNP

synthesis on the crystallinity of PLA.
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Fig. 7. (a) XRD pattern of Ag,O and 10PLA;yox showing a nearly complete (95 + 3%) reduction
of Ag,O to AgPafter 10 min melt-mixing with the presence of a very small fraction of unreduced
Ag,O. (b) TEM and HRTEM of 10PLA,yox showing particle size distribution and lattice plane
distance respectively. (¢) FTIR spectra of 10PLA (without Ag,0) and 10PLA,yox.

When PP was used as the matrix (10PP50x), ~60.0% of Ag,O was reduced to Ag’ even at a
processing temperature of 200 °C (Fig. 8a). TEM analysis (Fig. 8b) revealed the presence of two
different populations of AgNPs in 10PP,y0x composite. Lattice plane distance in the case of small
AgNPs in the composite was found to be of 2.2 A (Fig. 8b), which is in agreement with that of the
metallic AgNPs. When large clusters of particles were examined under HRTEM, lattice plane
distance corresponding to Ag,O (2.6 A) was observed (Fig. S11 and S12).[67] Presence of small
AgNPs and clusters of unreduced Ag,O highlights the influence of Ag precursor-polymer
incompatibility on the reduction of the precursor.

For better understanding of the role of precursor-polymer compatibility on reduction of Ag,0,
surface free energy of polymer melt and the corresponding Ag,O conversion to Ag® are plotted in
Fig. 8c. It can be seen that, surface energy of polymer melt influence the in-situ reduction of Ag,O
significantly. Polymer melts with higher surface energy (PA6) favor wetting of Ag,O during the
initial phase of mixing. This leads to the breaking of Ag,O clusters to smaller particles with uniform
dispersion within the molten polymer and smaller particles are likely to be reduced faster than large
particles, owing to their high surface area. This was confirmed by comparing the Ag,O reduction

in PA6 and PLA melt. Complete reduction of Ag,O within 5 min in PA6 (Sec. 3.1) compared to 95

21



+ 3% reduction in case of PLA after 10 min processing highlights the better wetting of Ag,O in

PA6 melt, owing to its higher surface energy (Fig. 8c).[68-70]
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Fig. 8. (a) XRD pattern of 10PP,ox showing the presence of both metallic silver (Ag®) and
unreduced silver (Ag,0). 10PP,y0x shows the presence of a significant quantity of unreduced Ag,O
(~40% of initial Ag,0O) (b) TEM and HRTEM of 10PP,,ox showing particle size distribution and
lattice distance respectively. (¢) Showing the influence of surface free energy of PA6, PLA and PP
melt on in-situ reduction of Ag,0O. Surface free energy values for all the polymers were taken from
the literature. (d) FTIR spectra of PP processed for 10 min with 20% Ag,O (10PP,40x) and without
Ag,O (10PP).

Unlike PA6 and PLA, PP has no polar groups and has relatively lower surface energy.[70-72] This
leads to poor wetting of Ag,O in the polymer melt and limits the distribution of Ag,0 clusters. As
a result, incomplete reduction (60%) of Ag,O clusters was observed in 10PP,ox (Fig. 8a, S11and
12). To determine the reduction mechanism of Ag,O in PP, FTIR analysis was carried out and

presented in Fig. 8d. Characteristic bands of PP were clearly identified at 2950 cm™!, 2917 cm™!' and
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2836 cm! which can be assigned to —CH; asymmetric vibration —CH stretch, and —CH, symmetric
vibration respectively. Bands at 1460 cm! and 1375 cm! are due to —CH; asymmetric and
symmetric bending respectively. Careful analysis in the region from 2760 cm! to 3780 cm™!
revealed the changes taking place in PP. In the FTIR spectra of 10PP,y0x, decrease in the intensity
of —CH; (2950 cm™') and —CH band (2917 cm!) with respect to —CH, (2836 cm!) indicates the
oxidation of PP chain to form in chain ketone.[73, 74] Hydrogen abstracted during this oxidation
step can be utilized to reduce Ag,O without leading to chain scission. Apart from these changes,
two new bands appeared in spectra of 10PP,0x at 1650 cm™! and 1710 cm™!, which can be assigned
to —-C=C— and —C=O0 respectively. A broad absorption band at 3450 cm! became more intense in
case of 10PP,yox, possibly due to the presence of —OH as a result of residual hydroperoxides, which
act as precursors for small molecular weight compounds including aldehyde and alcohols during
melt-mixing of PP.[50, 75] It is worth mentioning here that the presence of alcohols and aldehydes

at elevated temperature also helps to reduce Ag,O to metallic Ag°.[61, 76, 77]

3.4. AgNP-PA6 composites using alternative silver precursors

The efficacy of this solventless in-situ composite preparation method was investigated using
alternative precursors such as Ag,COj; and C;4H;;0,Ag. PA6 was used as the polymer matrix with
10 wt.% precursor loading at a processing temperature of 240 °C and duration of 10 minutes. For
comparison, a sample was also prepared with 10 wt.% Ag,O. As confirmed by XRD analysis (Fig.
9), a complete reduction of all precursors was achieved with the employed processing conditions.
AgNP domain size obtained using Ag,CO3; (10PAycar) Was ~27 nm, which is similar to that of
10PAgox- AgNP size of 17.5 nm was obtained in case of C;¢H3;,0,Ag (10PAgpar). This can be

attributed to the very low silver content of C;sH;,0,Ag, compared to other precursors.
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After synthesizing series of AgNP-polymer composites via a polymer assisted single step reduction
technique, it was confirmed that silver nanoparticles can be synthesized in-situ at a much lower
temperature (165 °C) compared to the actual decomposition temperature of Ag,O (375 °C, Fig S2).
It was observed that polymer melt surface energy plays a crucial role for successful in-situ reduction
of silver precursor as compared to the processing temperature. This technique avoids solvents and
energy-consuming steps typically involved in AgNP-polymer composite preparation methods
(Table 3). In contrast to single step method reported in literature,[23, 42, 43] polymer assisted single
step reduction technique (Table 3, current Work), eliminates the risk of accumulating
decomposition products of silver precursors. As a result, silver loading up to 18% can be achieved
without altering the macromolecular characteristics of the polymer matrix. Whereas previous

reported method could only achieve ~2 wt.% of silver in the composite.
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Fig. 9. XRD pattern and corresponding domain size of AgNP synthesized using PA6 as the matrix
with 10 wt.% loading of (a) Ag,0, (b) Ag,COj; and (c) silver palmitate (C;sHs;0,Ag).
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Table 3. Comparison of AgNP composite preparation techniques.

Matrix

Polypropylene

Polyethylene, PLA,
Polyethyleneimine

Ag source
AgNP

AgNP

In-situ reduction methods

PVA

Poly(cardanyl
acrylate)

Modified chitosan

Polyimides

Polyacrylonitrile
Epoxy
Nylon 6

Thermoplastic PU

Nylon 6, PLA, PP

AgNO3

C7H6Ag02

AgN03

AgNO 3

AgNO3

AgOCOCF;

AgC2H302

Ag0,
Ag2CO3,
Ci6H310,Ag

Process Temp. (°C)

Melt mixing 250

Solution casting -

Reduction by 50-100
oxidation of
polymer 30-80
Thermal 250
reduction
Photochemical RT
reduction
Thermal 230,
reduction
200

Polymer assisted 240, 200,
reduction by 165
melt mixing

Time (h)

1 & 24

0.5-1

13

0.5

5-30 min

Ref.
[17]

[18-21]

[27, 34]

[26]

[31-33]

[29, 35-37]

[38]
[39, 40]
[23, 42]

[43]

Current
work

3.5. Ag release and antimicrobial activity of AgNP-PA6 composite.

Antimicrobial activity of nano-scaled silver in polymer matrices is well established and such
materials are used to prepare composites for water disinfection, air purification, food and medical
packaging.[8, 78, 79] However, significant Ag release from these composites is highly undesirable
due to health safety regulations. Therefore, AgNP-PA6 nanocomposites films with different silver
content was prepared (sec. S7) and silver release from these films were studied. Prior to release
study actual film thickness was determined by SEM (Fig. S13) and it was in in good agreement

with the calculated film thickness (11 pum). Actual silver content of the composite films was
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confirmed by ICP-OES analysis and mentioned in Table S3. Composite films showed an increase
in accumulated silver content in the medium (Fig. 10a, b) with a faster release kinetics until to 24
hours, followed by a slower release profile. Interestingly, linear relationship between silver loading
and its release (Fig. 10b) highlights the uniform distribution of AgNPs in the polymer matrix.
Moreover, such linear relationship allows the tuning of the silver release according to the product
requirements. It is worth mentioning here that, the amount of silver released from AgNP-PA6
composites (20 ug/dm?) remained well below the permitted limits of 10mg/dm? as per European

regulation for plastic packagings (EU No. 10/2011).[8]
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Fig. 10. (a) Silver release from spin-coated AgNP-PA6 composite films containing 0.05, 0.1 and
0.5% of AgNP. Release study was carried out 37 °C. (b) Relationship between silver release (at 168
hours) and AgNP concentration in spin-coated films.

We then performed the agar diffusion test to investigate the antimicrobial activity through silver release
from the composite films. No obvious inhibition zone of L. monocytogenes was observed around the tested
films even with AgNP up to 0.5% (Fig. 11a), suggesting very low release of silver incapable of being
bactericidal. This is in good agreement with the very low silver release (upto 20 pg/dm?) observed during
release study of AgNP-PA6 composite (Fig. 10). To investigate the antimicrobial activity through contact
killing, bacterial suspension was loaded directly on the AgNP-PA6 composite film having 0.5 wt.% Ag.[80]
The viable cells showed more than 3.5 log (99.96%) reduction compared to virgin PA6 film (control) within

2 h at 37 °C (Fig. 11 b-d). These results demonstrate that AgNPs exert an antimicrobial effect mainly
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through a contact active mechanism with contributions from a release of silver ions at low level. Efficient
antibacterial activity and very low silver leaching confirms the potential of AgNP-PA6 composite film as

an antimicrobial packaging material even at a very low silver loading (0.5 wt.%).

Control 0.5% AgNP
Samples

Fig. 11. (a) Agar diffusion test against food pathogen L. monocytogenes using AgNP-PA6 films
with different silver content (after 1 day) showing no zone of inhibition. (b) Contact killing activity
of PA6 without AgNP (control) and 0.5 wt.% of AgNP. L. monocytogenes was incubated with PA6
samples for 2 hours in PBS under static condition at 37 °C, followed by careful removal of the
suspensions. Subsequently all samples were washed with PBS twice to remove unattached bacteria.
Adhered bacteria were released from surfaces by sonication and analyzed for viability by plating.
Student’s t-test (p < 0.01) revealed a significant difference between PA6 without AgNP (control)
and 0.5 wt.% AgNP. Error bars represent the standard deviations of 6 measurements. (c) and (d)
representative images of colonies produced from the viable cells released for the Control and AgNP-

PAG6 composite film respectively. Yellow-labelled numbers indicate the dilution series.
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4. Conclusions

In this work, solventless method for in-situ silver nanoparticle synthesis within thermoplastic
polymer matrices was demonstrated using a conventional polymer processing technique (melt
mixing). Successful elimination of several energy and solvent consuming intermediate steps of
nanocomposite preparation makes this a sustainable method. As a concept, AgNP-polymer
composites were prepared by melt-mixing (kneading) of PA6, PP and PLA with Ag,O loadings up
to 20%. In case of PA6 and PLA, 10 min kneading at the melting temperature of the respective
polymer was enough to achieve a complete reduction of Ag,O to Ag® along with uniform
distribution of AgNPs in the matrix. However, when PP was used as the matrix, only 60% reduction
was achieved within 10 min processing, which may be due to incompatibility of PP matrix with
Ag,O. FTIR and GPC analysis confirmed the absence of any undesired degradation of polymer
during in-situ AgNP synthesis. Even at a very low silver loading, (0.5%), AgNP-PA6 composite
displayed excellent antimicrobial activity against L. monocytogenes. The linear relationship
between Ag loading and release offers the possibility for further control of Ag release based on
application requirements. This solventless method of making polymer nanocomposites will be
extended to other metals in the future. In addition tuning of silver release of such polymer

nanocomposites by incorporation of other additives will also be investigated in future work.
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Appendix A. Supplementary material
Supplementary data of this article can be found online at.
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Solventless low-temperature thermal reduction

A sustainable process for
AgNP-polymer composites

Melt-mixing

EARR R

XT3 AgNP
composites

Highlights

e Reduction temperature of silver precursors can be decreased significantly with the assistance of
polymer.

e Nanosilver-polymer composites can be achieved during thermal processing of polymers using
conventional equipment.

e Polymer assisted thermal reduction process can achieve reduction of silver precursors in a quick
time.

o Surface energy of polymer melt has a significant influence on the reduction of silver precursors.

e Antimicrobial efficacy of the Nanosilver-polymer composites against common food pathogen was

proven.
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